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Lauric acid capped Ce3+ sensitized LaPO4:Tb
3+ nanorods have 
been synthesized by hydrothermal route at 150 °C. The structure, 
stability and luminescent properties have been examined by TEM, 
TG/DTA, FT-IR, powder X-ray diffraction and PL spectral data. 
Cytotoxic activity has been examined by MTT assay. The 
LaPO4:Tb
3+,Ce3+ phosphor exhibits four emission peaks at 485, 







7F3 transitions, respectively. The influence of 
γ-radiation on photoluminescence properties of LaPO4:Tb
3+,Ce3+ 
phosphor has also been examined at 5 and 300 kGy. Furthermore, 
LaPO4 and LaPO4:Tb
3+,Ce3+ phosphors exhibit 80–82% cytotoxic 
effect against breast cancer cell lines, MDA-MB 231 and MCF-7. 
The IC50 values for LaPO4 and LaPO4:Tb
3+,Ce3+ phosphors are 
17.2 and 13.5 µg/mL against MCF-7 and 21.5 and 15.0 µg/mL 
against MDA-MB 231 cell line, respectively. 
Keywords: Phosphors, Hydrothermal synthesis, Luminescence, 
Gamma radiations, Cytotoxicity, Lanthanum 
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Rare-earth (RE3+) doped lanthanum phosphates 
(LaPO4:RE
3+) have received significant attention due 
to their unique properties and are used in plasma 
display panels (PDPs)1,2, fluorescent lamps3, 
microelectronic devices4 and biomedical applications5,6. 
Lanthanum phosphate (LaPO4) has high specific 
melting point and surface area as compared to  
other conventional phosphate based materials7. 
Furthermore, in general RE3+ doped orthophosphates 
normally exhibit high stability under both acidic and 
basic conditions8,9. The embedded RE3+ element in 
phosphate material is known to influence the optical 
properties of the host material10. In particular, the 
addition of green light emitting trivalent terbium 
(Tb3+) with an electron configuration 4f8 is well 
known to upgrade the fluorescence properties of 
doped phosphates11,12. Co-activation of several 
lanthanide cations like Ce3+ (as a sensitizer), is known 
to increase the luminescence intensities of various 
nanophosphors13 like Ce3+ and Sm3+ co-doped  





crystalline materials of rare earth ions exhibit  
more fluorescence as compared to the amorphous 
materials. Various synthetic processes including  
co-precipitation, combustion, sol-gel, high temperature 
solid state reactions and hydro/solvo-thermal 
techniques are reported in the literature for the 
synthesis of phosphors. Among these methods, 
hydro/solvo-thermal method is known to give  
pure nanocrystals of uniform size and shape, with 
high degree of crystallinity14-16. 
Further, exposure of surface of nanocrystals to  
high energy ionization radiation (X-rays, γ-rays)  
may result in displacement of atoms from their own 
positions, depending on the energy of ionization 
radiation17. Also, non-linear interaction of electronic 
excitations by ionization radiation can play an 
important role in luminescence performance of 
materials18.  
Rare-earth based nanoparticles are of increasing 
importance in cancer diagnosis and therapy due to the 
versatile chemical, optical and biocompatible features 
such as tunable emission colours, high photochemical 
stability, long luminescent lifetime and ET processes 
between dopants19-22. Breast cancer is the most 
frequently diagnosed cancer in women and one of the 
leading causes of cancer death for women. About  
1.3 million cases of breast cancer are diagnosed and 
4,50,000 women die annually throughout the world23. 
Rare-earth doped nanoparticles show almost no 
toxicity upon incubation with human cell line, i.e., 
HeLa cells22, but exhibit toxicity against human  
skin cell24.  
This study reports the effect of γ-radiation on 
structural and optical properties of LaPO4:Tb
3+,Ce3+ 
phosphor at doses of 5 and 300 kGy. In addition,  







All chemicals were of analytical grade and used 
without any further purification. Tb(NO3)3.6H2O was 
purchased from Sigma-Aldrich, USA, La(NO3)3.6H2O 
and Ce(NO3)3.6H2O from Acros Organics, Belgium, 
Disodium hydrogen phosphate, Lauric acid and 
DMSO (Dimethyl sulfoxide) from Merck, India. 
DMEM, FBS, Penicillin and streptomycin, 0.05% 
Trypsin-EDTA were procured from Invitrogen, USA. 
The human breast epithelial adenocarcinoma cell 
lines, MDA-MB-231 and MCF-7, were obtained from 
the National Center for Cell Science, Pune, India. The 
cells were grown up to 70% confluence in DMEM 
supplemented with 10% FBS, penicillin–streptomycin 
(100 µg/mL) in a humid atmosphere of 5% CO2  
at 37 °C.  
The TG measurements were carried out on a  
Melter Toledo TGA/DSC-1 apparatus. The sample 
(50 mg) was heated in the temperature ranging from 
30–1000 °C at a heating rate of 10 ᵒC/min in a pan 
under nitrogen atmosphere. FT-IR spectrum was 
recorded at room temperature using KBR pellet 
method on a Perkin Elmer “Spectrum Two” FT-IR 
spectrophotometer. Raman spectrum was recorded 
using Lab Ram HR 800 full automatic confocal 
Raman microscope (Horiba Jobin Yvon). The  
Raman signal was investigated within the range 
1000–3000 cm-1. Luminescence spectrum of the solid 
sample was recorded using a Perkin Elmer LS-55 
luminescence spectrometer at room temperature. 
Powder X-ray diffraction (PXRD) pattern was 
recorded on Panalytical X’Pert pro powder X-ray 
diffractometer, with graphite monochromatic Cu-Kα 
(λ = 1.5406 Å) radiation and generator settings at  
40 kV and 30 mA at room temperature. Transmission 
electron microscopy (TEM) images were recorded on 
a Philips CM-200 instrument. EDX analysis was 
carried out by field emission scanning electron 
microscopy (Hitachi S-4800 SEM). The cell images 
were captured with an Olympus IX53 inverted 
microscope. For γ-radiation measurements, all the 
obtained samples were divided into small portions  
and packed in plastic vials with para film. These 
samples were exposed to gamma radiation using a 
60Co gamma cell (60Co-source capacity 3700 Ci) at a 
dose rate 2.95 kGy/h at room temperature. All the 
samples were irradiated by γ-radiation at doses of  
5 and 300 kGy. 
Millipore-Q purified water was used throughout the 
synthesis. Standard stock solutions (0.2 M) of 
La(NO3)3.6H2O, Tb(NO3)3.6H2O and Ce(NO3)3.6H2O 
were prepared. Then, 2.0 mmol lauric acid (10 mL, 
0.2 M), 5.0 mL ethanol and 0.6 g sodium hydroxide 
were taken in a 50 mL beaker and stirred continuously 
for 15 min to prepare the capping agent, i. e., sodium 
laurate. To this capping agent, 1.0 mmol of disodium 
hydrogen orthophosphate solution (5.0 mL, 0.2 M) 
and 1.0 mmol of La(NO3)3.6H2O (5.0 mL, 0.2 M) 
were added and stirred for 30 min until a transparent 
solution was obtained. Then, the resulting solution 
was transferred into a 23.0 mL Teflon lined stainless 
steel autoclave and heated solvothermally at 150 °C 
for 12 h. After cooling down to room temperature, the 
gelatinous product was separated by centrifugation, 
washed with ethanol and deionized water several 
times and dried in oven under air at 60 °C. For 
synthesis of RE3+ doped LaPO4, La(NO3)3.6H2O (1, 5 
or 10%)  was replaced with Tb(NO3)3.6H2O (10%) 
and Ce(NO3)3.6H2O (1 or 5%). 
The cytotoxicity of the nanomaterials against 
MDA-MB 231 and MCF-7 cells25 was evaluated by 
MTT assay. The synthesized phosphors were 
suspended in complete DMEM media at 5, 10, 15, 20 
and 25 µg/mL (w/v) and was used to treat overnight 
grown cells (1×104/well) for 24 and 48 h. After 
treatment, 20 µL of MTT solution (5 mg/mL) was 
added and incubated for 3 h followed by 100 µL of 
DMSO. Untreated wells served as control. The 
absorbance was measured at 570 nm using ELISA 
reader. The cytotoxicity (%) was calculated as 
follows: [(O.D. of treated wells – O.D. of blank wells)/ 
(O.D. of control wells – O.D. of blank wells)]×100. 
Cell morphology was examined by phase contrast 
microscopy. The cells were left untreated or treated 
with nanomaterials at 15 and 25 µg/mL for 48 h. The 
medium was removed and the cells were washed three 
times with PBS. The cell images were captured under 
the phase contrast inverted microscope. 
 
Results and discussion  
The size and morphology of the synthesized 
LaPO4:Tb
3+,Ce3+ phosphor was examined by 
transmission electron microscopy (TEM) as shown in 
Fig. 1(a, b). After doping the RE3+ (Tb3+ or Ce3+)  
into phosphate host, no prominent morphological 
changes were observed in LaPO4. The 
LaPO4:Tb
3+,Ce3+ exhibited uniform hexagonal rod 
shaped morphology of width and length ~40 and  
~300 nm, respectively. In addition, a comprehensive 
view of the phase pattern of the sample was obtained 




by SAED. The SAED patterns of LaPO4:Tb
3+,Ce3+ 
phosphor demonstrated almost clear reflections, 
suggesting high-quality crystalline nature of the 
LaPO4. As shown in Fig. 1c, the interplanar spacing 
(d-spacing/ hkl values) of LaPO4:Tb
3+,Ce3+ phosphor 
matched with powder XRD patterns of LaPO4 (ICDD-
PDF 46-1439). The EDX spectrum of LaPO4:Tb
3+,Ce3+ 
phosphor confirmed the presence of La, P, Tb and O 
(Fig. 1d). The percentage of elements ratio (M/P/O) 
obtained from the EDX spectrum is almost  
similar to the standard La/P/O atom ratio (1:1:4) of 
pure LaPO4 phase.  
The crystallinity, phase purity and influence of 
dopant on the product was examined by powder X-ray 
diffraction analysis (PXRD). Figure 2 shows the 
PXRD patterns of LaPO4 and LaPO4: Tb
3+,Ce3+ 
phosphors. The PXRD pattern of the LaPO4: Tb
3+,Ce3+ 
phosphor was in good agreement with the values  
of LaPO4.0.5H2O (ICDD-PDF 46-1439), which 
exhibited hexagonal phase of LaPO4. Furthermore, no 
additional peaks for other phases associated with the 
doped component were observed, indicating that some 
of the Ln3+ ions were replaced with Tb3+ and Ce3+ ions 
(radius: La3+ = 1.16 Å, Tb3+ = 1.04 Å, Ce3+ = 1.14 Å). 
In addition, it should be noted that the synthesized 
rare earth doped LaPO4 samples showed very minor 
changes in the diffraction peaks as compared to the 
standard data (this may be due to the small differences 
in their ionic radii). Due to similar ionic radius and 
valence of the rare earth cations, it is, therefore, 
suggested that Tb3+ and Ce3+ ions preferably occupy 
the La3+ sites. Influence of γ-radiation on 
LaPO4:Tb
3+,Ce3+ phosphors was examined at 5 and 
300 kGy doses to identify the structural stability of 
the phosphors. The powder XRD patterns of 
LaPO4:Tb
3+,Ce3+ phosphor were recorded before and 
after γ-irradiation (and normalized w.r.t. the highest 
intensity in each pattern). After γ-irradiation at 5 kGy 
and 300 kGy, no change in the peak position was 
observed except for a little change in the peak 
intensity. This indicates that γ-radiation had no effect 
on the crystal structure of LaPO4:Tb
3+,Ce3+ phosphor 
(Supplementary data, Fig. S1).  
 
 
Fig. 1 – (a & b) TEM images of LaPO4:Tb
3+, Ce3+, (c) SAED pattern of LaPO4:Tb












The FT-IR spectra of LaPO4 and LaPO4:Tb
3+,Ce3+ 
phosphors shows the O-H stretching vibration at  
3459 cm-1 assigned to water molecules (Supplementary 
data, Fig. S2). The peaks at 2926 and 2850 cm-1 are 
assigned to the symmetric and asymmetric methylene 
stretches of alkyl groups. The peak at 1076 cm−1 is a 
characteristic asymmetric stretching of P–O band 
(commonly known as υ3 region), while the two peaks 
located at 615 and 540 cm−1 may be assigned to the υ4 
region of the vibrations of phosphate groups. The 
shoulder at 952 cm−1 may be assigned to the υ4 
vibration of phosphate groups. Furthermore, a broad 
peak centered at 1385 cm−1 may be assigned to C-H 
stretching vibrations, indicating the presence of lauric 
acid on the surface of the synthesized materials.  
The FT-IR absorption spectra of LaPO4:Tb
3+,Ce3+ 
phosphor was recorded before and after γ-irradiation 
at a dose of 5 kGy and 300 kGy. After γ-irradiation, 
increase in the intensity of the absorption curves was 
initially observed at the first dose of 5 kGy, which 
further increased progressively on increasing the dose 
to 300 kGy. The obtained infrared results indicated 
that, after irradiation, the elementary structure 
remained unchanged (Supplementary data, Fig. S3).  
The Raman band at 1085 cm-1 corresponding to 
ν(C-C) stretching vibrations and peaks centered at 
1440 and 1658 cm-1 are attributed to ν(CH2) wagging 
vibrations and typical carbonyl stretching frequencies 
of ν(C=O) in LaPO4 (Supplementary data, Fig. S4). 
TG-DTA measurements were carried out to 
investigate the thermal stability of hexagonal LaPO4 
(Fig. 3). Three main distinguished weight losses were 
observed in TGA analysis of LaPO4 sample. The first 
stage of weight loss (12.6%) can be assigned to the 
loss of absorbed water molecules between 25–100 °C. 
The second stage of widespread weight loss of about 
10.2% at temperature 380–410 °C can be attributed to 
the crystallization as well as removal of organic 
moiety. A strong exothermic peak at about 370 °C 
indicates the crystallization of LaPO4. Thereafter, the 
mass loss decreased progressively and ended at  
900 °C, which appears to be the decomposition of 
residual nitrates in the precursor.  
The emission spectra of the RE doped LaPO4 
phosphor, after photoexcitation at 231 nm, are shown 
in Fig. 4. LaPO4 serves as host lattice, while Tb
3+ ions 
act as activator and Ce3+ ion as co-activator. Four 
strong emission bands were observed for terbium 
doped LaPO4 system in the range 450–700 nm. Four 








7F3 transitions, respectively.  
The luminescence emissions from Tb3+ ions 
generally originate within the 4f shell. LaPO4 was a 
desirable host matrix for Tb3+ ions, and while 
incorporating the Tb3+ ions into LaPO4 nanoparticles, 
they simply acted as activators and produced 
corresponding characteristic emissions through 
efficient energy transfer from the LaPO4 host to the 
dopants. As shown in the Fig. 4a, addition of Ce3+ 
ions (1–5%) to LaPO4:Tb
3+ phosphor did not affect its 
peak positions in PL spectra; however, luminescence 
intensity increased progressively26.  





3+,Ce3+(5%) phosphors was examined and 
results are shown in Fig. 4(b-d). After γ-irradiation, 
no shift in the emission wavelength was observed. 
However, progressive decrease in the emission 
intensity was observed on increasing the radiation 
dose from 5 kGy to 300 kGy. The decrease in 
photoluminescence intensity may be due to loss of 
heat energy through non-radiative processes27.  
Cytotoxicity is typically used to evaluate the effect 
of nanomaterials on cell proliferation. As a 
preliminary study, the cytotoxic effect of 
nanomaterials was evaluated in the concentration 
range from 5-25 μg/mL. The results suggest that 
LaPO4 caused 10, 19, 30, 37 and 54% cytotoxicity in 
MDA-MB-231 cells after 24 h treatment and 13, 24, 
38, 49 and 70% cytotoxicity after 48 h of treatment at 
5, 10, 15, 20 and 25 µg/mL concentration, 
respectively (Supplementary data, Fig. S5(a)). As 
shown in Fig. S5(b), LaPO4 caused 13, 28, 34, 44 and 
58% and 18, 30, 44, 64 and 80% cytotoxicity after  
24 h and 48 h in MCF-7 cells, respectively.  
On the other hand, the LaPO4:Tb
3+, Ce3+ phosphor 
 
Fig. 3 – TG-DTA profile of LaPO4. 
 




(Fig. S5(c)) caused 5, 9, 15, 26 and 37% and 15, 25, 
38, 51 and 72% cytotoxicity after 24 and 48 h 
treatment of MDA-MB-231 cells, respectively,  
at the same concentrations. As shown in Figure S5(d), 
the Tb3+, Ce3+ doped lanthanum phosphate 
(LaPO4:Tb
3+,Ce3+) caused 12, 23, 30, 44 and 62%  
and 16, 34, 57, 65 and 80% cytotoxicity after  
24 and 48 h treatment of MCF-7 cells, respectively,  
at the same concentration. 
The IC50 values of LaPO4 against MCF-7 and 
MDA-MB 231 cell lines were found to be 17.2 and 
21.5 µg/mL, respectively, while, IC50 values of 
LaPO4:Tb
3+, Ce3+ phosphor against MCF-7 and 
MDA-MB 231 cell lines were found to be 13.5 and 
15.0 µg/mL at 48 h treatment. These results indicate 
that the concentration of nanomaterials required  
for inhibition of 50% growth of both MCF-7 and 
MDA-MB 231 cell lines decreased due to doping  
of LaPO4 with Tb
3+, Ce3+. The viability of normal 
breast epithelial cell line, MCF-12A treated with both 
LaPO4 and LaPO4:Tb
3+, Ce3+ phosphor was > 97% 
suggesting that these nanomaterials are not toxic at  
15 µg/mL. However, mild reduction of cell viability 
(~92.5%) occurred at 25 µg/mL (data not shown). 
These results indicate that both LaPO4 and 
LaPO4:Tb
3+,Ce3+ phosphor are specific to cancer cells.  
Further, to evaluate the effect of nanomaterials on 
the growth of breast cancer cell lines, morphology of 
cells was observed under a phase contrast microscope. 
The result showed that LaPO4 altered the morphology 
of MDA-MB-231 and MCF-7 in a concentration 
dependent manner (Fig. 5). LaPO4:Tb
3+,Ce3+ phosphor 
also changed the morphology of MDA-MB-231 and 
MCF-7 (Fig. 6). 
These results indicate that both compounds 
enhanced the cytotoxicity against both breast cancer 
cell lines, MDA-MB-231 and MCF-7, in a dose and 
time dependent manner. LaPO4:Tb
3+,Ce3+ phosphor 
shows marginal increase or same toxicity (72% and 
80%) compared to the host material LaPO4 (70% and 
80%) on MDA-MB-231 and MCF-7 cells. In addition, 
size of nanoparticles also played an important role in 
 
 
Fig. 4 – Photoluminescence spectra of RE-doped phosphors. [(a) Pre-irradiated RE-doped phosphors; (b) γ-irradiated LaPO4:Tb
3+; 
(c) γ-irradiated LaPO4:Tb







treatment of cancer cells28. Nanoparticles with about 
50–100 nm size is optimal for accumulation on tumor 
tissue and release of the reactive oxygen species 
(ROS) to destroy the cancer cells. From these studies, 
it appears that the LaPO4:Tb
3+,Ce3+ phosphor is also a 
suitable candidate for treatment of cancer.  
In summary, Ce+3 co-doped LaPO4:Tb
3+ phosphor 
was synthesized through hydrothermal route in mixed 
solvents of ethanol and water at relatively low 
temperature. The LaPO4:Tb
3+,Ce3+ phosphor exhibits 
uniform hexagonal rods with length and width around 
300 nm and 40 nm, respectively. All materials exhibit 
high thermal stability after γ-irradiation at 5 and  
300 kGy. Quenching of PL intensity was observed 
after γ-ray exposure. LaPO4 and LaPO4:Tb
3+,Ce3+ 
phosphors caused significant cytotoxicity and  
affected the morphology of human breast epithelial 




Fig. 5 – Effect of LaPO4 on growth of MDA-MB-231 (a, b, c) and MCF-7 cells (d, e, f) at 48 h treatment. [a & d = Controls; 




Fig. 6 – Effect of LaPO4:Tb
3+,Ce3+ phosphor on growth of MDA-MB-231 (a, b, c) and MCF-7 cells (d, e, f) at 48 h treatment. 
[a & d = Controls; b & e = 15 µg/mL; c & f = 25 µg/mL]. 
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